The electron drift velocity, electron energy distribution function (EEDF), densitynormalized effective ionization coefficient and density-normalized longitudinal diffusion velocity are calculated in SF6-O2 and SF6-Air mixtures. The experimental results from a pulsed Townsend discharge are plotted for comparison with the numerical results. The reduced field strength varies from 40 Td to 500 Td (1 Townsend=10 −17 V·cm 2 ) and the SF6 concentration ranges from 10% to 100%. A Boltzmann equation associated with the two-term spherical harmonic expansion approximation is utilized to gain the swarm parameters in steady-state Townsend. Results show that the accuracy of the Boltzmann solution with a two-term expansion in calculating the electron drift velocity, electron energy distribution function, and density-normalized effective ionization coefficient is acceptable. The effective ionization coefficient presents a distinct relationship with the SF6 content in the mixtures. Moreover, the E/Ncr values in SF6-Air mixtures are higher than those in SF6-O2 mixtures and the calculated value E/Ncr in SF6-O2 and SF6-Air mixtures is lower than the measured value in SF6-N2. Parametric studies conducted on these parameters using the Boltzmann analysis offer substantial insight into the plasma physics, as well as a basis to explore the ozone generation process.
Introduction
Ozone, mainly historically used for drinking water treatment, is replacing chlorinated compounds in numerous applications, including bleaching, chemical product synthesis, food processing, odor control and disinfections. Moreover, no unexpected by-products or residues are produced in the process. The advantages of ozone, i.e., high oxidizing ability and environmental friendliness, have led to a rapidly increasing demand for high ozone production efficiency. In terms of thermo-chemical theory [1] , the theoretical ozone yield reaches 1200 g/kWh, while in the commercial ozonizers currently used, practical yields are only 50-60 g/kWh and 100-120 g/kWh for the air and oxygen feed source, respectively. Therefore, valid solutions are urgently demanded to acquire an effective means to enhance ozone yield, and meanwhile to reduce power consumption.
Due to its outstanding insulating characteristics, sulfur hexafluoride (SF 6 ) has been widely utilized as an insulation medium in high-voltage engineering and electric power engineering. With regard to applying nonthermal plasmas in ozone generation despite the by products such as SO and SO 2 , the influence of SF 6 additives on ozone generation has been investigated in SF 6 -O 2 [2−6] and SF 6 -Air [4−7] mixtures. For instance, Okazaki et al. [6] found that a small amount of SF 6 in oxygen may have a positive effect on ozone generation while Skalny et al. [3] reported a completely opposite behavior in experiments. Novoselov et al. [7] predicted that a tiny SF 6 additive in air has an active effect on ozone generation using a self-consistent model. Based on the research conclusions, Wei [5] therefore carried out a systematic experimental investigation and concluded that a tiny SF 6 content in air would have a favorable impact on ozone generation and the oxygen source should avoid the presence of SF 6 in air. Therefore, the above-mentioned experimental studies of the electrical breakdown in SF 6 -Air and SF 6 -O 2 mixtures have shown the need for more accurate calculations of parameters required to describe the behavior of an electron swarm.
In previous work, the electron drift velocity, the density-normalized longitudinal diffusion coefficient, the density-normalized effective ionization coefficient and the critical field strength have been measured for binary mixtures of SF 6 -Air and SF 6 -O 2 for SF 6 concentrations ranging from 1% to 50% by Hernandez and Urquijo [8] using the pulsed Townsend technique. However, to the best of the author's knowledge, numerical analyses regarding such parametric studies are still blank. In the present paper, Boltzmann analysis is therefore introduced to handle the calculation of electron swarm parameters. In addition, a two-term, spherical harmonic expansion approximation, which is widely used in electron swarm solutions of molecular gas mixtures [9−11] , is utilized to simplify the solving procedure. This paper is motivated by the reasons mentioned above. The density-normalized effective ionization coefficient and the electron drift velocity, electron energy distribution function and the density-normalized longitudinal diffusion coefficient in gas mixtures are calculated by employing the Boltzmann equation for steadystate Townsend discharge over the range of 40 Td to 500 Td in SF 6 -Air or SF 6 -O 2 mixtures of different SF 6 content. The critical field strength E/N cr is then determined at which ionization exactly balances attachment from the effective ionization coefficient. The reliable data from pulsed Townsend discharges are also plotted for a comparison though they are not directly comparable.
Method
In this paper, the Boltzmann equation for all the electrons in an ionized gas can be described as [12] ∂f ∂t
where f (r, v, t) is electron distribution, given in terms of the position and velocity coordinates of the electrons, v is the velocity coordinate and r is the electron position, E is the electric field, e is the elementary charge and m is the electron mass, respectively, and a = − e m stands for the acceleration of the applied field. C[f (r, v, t)] represents the collisions operator. In the present formulation, it is assumed that EEDF is independent of time, and the problem at hand is spatially uniform, so in the steady-state Townsend under an equilibrium condition, the function can also be expressed in terms of a two-term spherical harmonic expansion [13, 14] .
where f 0 and f 1 stand for the isotropic and anisotropic part of electron distribution f , and θ is the intersection angle between the velocity and the field direction. f 0 is normalized as
where n e is the electron number density.
By substituting Eq. (2) into Eq. (1) and multiplying by the Legendre polynomials (1 and cosθ ) and integrating over cosθ, we obtain:
where M is the molecular mass, and N is the gas density. The σ m , σ j , σ i and σ a stand respectively for the electron cross sections of momentum transfer, excitation, ionization, and attachment. σ j is the total excitation section including vibrational and electronic excitation sections. Therefore v j , v 1 , v 2 are the scalar velocities described as:
where ε i and ε j are the threshold energies of excitation and ionization. As pointed out by Yousfi et al. [15] , the attachment coefficient is very sensitive to the value of ∆, so the calculated results have been carried out by assuming an energy partition after an ionizing collision ∆=0.5 in this work. This means that the newly secondary electron shares half of the precursor's total energy after ionization scattering, which has been confirmed to be effective in a two-term Boltzmann analysis of the insulation properties of gas mixtures without large errors, according to the previously published literature, as well as the plasma module in commercial software. Iterative operations are performed after an initial value of (α − η) is introduced into Eqs. (4) and (5) employing a matrix inversion and finite-differencing the electron energy axis to gain a satisfactory convergence. Hence f 0 and f 1 of the electron energy distribution are determined, and then by integrating f 1 in Eq. (5), we obtain the drift velocity:
Here, σ e m = σ m + j σ j + σ i + σ a is the total effective cross section for momentum transfer, and ε = 1 2 mv 2 is the electron energy. Moreover, the longitudinal diffusion coefficient D L and the mean electron energyε can be calculated from
where δ i = N i /N is the fraction of a given species. Various series of electron-SF 6 cross sections have been provided by Kline et al. [16] , Yoshizawa et al. [17] , Christophorou and Olthoff [18] and Brunt and Phelps [19] . We take the form of the cross-section of Brunt and Phelps and it can be shown that the calculated results of the density normalized ionization coefficient agree well with the measured values in pure SF 6 . The cross sections in N 2 are from Phelps and Pitchford [20] , while the cross sections of O 2 are obtained from Lawton and Phelps [21] and Phelps [22] . The gas density is N = 5 × 10 22 m −3 at room temperature. The overall experimental uncertainties are less than 1% for V D , 10%-12% for D L and 5%-7% for (α − η) [8] .
3 Results and discussion
Accuracy of the Boltzmann calculations
Although for high precision results six or more expansion terms are needed [23] , for many cases, a twoterm approximation may offer helpful results and the errors may be acceptable, despite the fact that SF 6 is a strongly electronegative gas. This fact has been previously pointed out in the literature [10, 24] , and it is confirmed here once again. In the paper, the results from the Boltzmann analysis within the two-term approximation and the data from the direct experimental measurements [18,25−27] of the density-reduced effective ionization coefficient in pure SF 6 are compared in Fig. 1 . It can be observed that the density normalized coefficient (α − η)/N increases with increasingly reducing the field strength. Although the numerical results in the paper present a few differences from the previously published data, synthetically, the obtained results are in agreement with previously published values. Thus, the possibility of utilizing a two-term Boltzmann code is confirmed, which offers a great advantage especially when dealing with a large number of computations. 
The electron energy distribution functions, EEDF
Figs. 2-4 respectively show electron energy distribution functions and the mean electron energy in SF 6 -O 2 and SF 6 -Air mixtures. In general, collisions between electrons would cause the electron energy distribution function to tend towards a Maxwellian distribution. The influence of these collisions mainly depends on the ionization degree n/N and is recognized to become significant for n/N >10 −6 , as pointed out by Hagelaar and Pitchford [28] . The calculations were carried out by assuming the ionization degree of 10 −4 at E/N =200 Td. It elucidates that as the SF 6 content increases within appropriate computational condition, the EEDF shifts to the right in the low electron energy region, thus making the mean electron energy increase with increasing SF 6 content in SF 6 -O 2 and SF 6 -Air mixtures, as demonstrated in Fig. 4 . In addition, it should be noted that the mean electron energy of SF 6 -O 2 presents a very slight decrease in the initial stage of SF 6 addition; this can be ascribed to the decreasing peak energy variation with SF 6 addition at the vicinity of the origin of the energy space where ε = 0, as shown in Fig. 2 . Moreover, it can be noted that the mean electron energy in SF 6 -O 2 is higher than that in SF 6 -Air mixtures as the share of SF 6 increases from 0 to 60%, whereas similar performances in SF 6 -O 2 and SF 6 -Air mixtures are observed as the SF 6 content further increases. 
Drift velocity
Figs. 5 and 6 illustrate the electron drift velocity as a function of the reduced field strength for a different SF 6 share in SF 6 -O 2 and SF 6 -Air mixtures, respectively. Results from two different methods are plotted for comparison although they are not directly comparable. The numerical results from the Boltzmann analysis in this paper are in good agreement with previous measurements [8, 29] . No great differences are found in the 10% SF 6 -O 2 and 20% SF 6 -O 2 mixtures, while in the 50% SF 6 -O 2 mixture, the differences are always smaller than 3%. The overall deviation seems rather uniform for the 10% SF 6 -Air and 20% SF 6 -Air mixtures, while at 50% SF 6 -Air, the differences are always smaller than 4%. Concerning pure SF 6 , the calculated results are smaller than the data obtained from the pulsed Townsend technique. The electron drift velocity increases with increasing reduced field strength and decreasing SF 6 content. At a given value of E/N , the drift velocity in the SF 6 -O 2 mixture is higher than that in the SF 6 -Air mixture for various SF 6 contents. The reasons for the changes are sophisticated. Above all, the effective collision frequencies for momentum transfer in SF 6 mixed with O 2 or Air are differently weighed in Eq. (9) with the increase of the SF 6 content. Second, the latter term in Eq. (9) changes with the effective ionization coefficient as being discussed later in this paper. In addition, the most important variation originates from the modifications on the EEDF near the origin of energy space, where electron attachment collisions offer a small contribution in gas mixtures and the modification is brought about by SF 6 addition.
The effective ionization coefficient and critical field strength
The density normalized effective ionization coefficients (α − η)/N calculated as a function of the reduced electric field strength E/N are shown in Fig. 7 for SF 6 -O 2 mixtures at 10%, 20%, 50%, 75% and 100% SF 6 content. It can be seen that the value of (α − η)/N increases with increasing the value of E/N . The increase of the reduced electron field is favorable for electron ionization and decreases the electron attachment coefficient, thus making the density normalized effective ionization coefficients (α − η)/N increase with increasing reduced field strength, as shown in Fig. 7 . It can also be observed that effective ionization coefficients (α − η)/N decrease with increasing SF 6 content; one of the reasons may be that the increase of SF 6 content causes the tail of the EEDF to shift to the left, as shown in Figs. 2 and 3 . It is well known that the cross sections of electron attachment are substantial at low electron energies. Moreover, the cross section of ionization is of great significance in the high electron energy region. Since the rate constant of an electron-impact reaction is the integration of the product of the cross section and the EEDF, the rate constant would be higher when the cross section and the EEDF are significant. Therefore, it would decrease the electron ionization coefficient as the share of SF 6 in SF 6 -O 2 mixtures increases. Besides, we have found that the calculated values of density normalized effective ionization coefficients are consistent with the measured results [8, 29] . Fig. 8 elucidates the density-normalized effective ionization coefficients of SF 6 -Air mixtures. It reveals that the effective ionization coefficient increases with increasing reduced field strength and decreasing SF 6 molecular fractions. The calculated results are in accordance with the measured values in the published literature [13, 14] . By comparing it with Fig. 7 , it can be observed that at a specific reduced field strength, the density-normalized effective ionization coefficient in SF 6 -Air mixtures is lower than that in SF 6 -O 2 mixtures, which can be attributed to the impact of N 2 as a good electron scattering object that is beneficial for the overall attachment and that meanwhile reduces the ionization collisions. The critical field strength values E/N cr , at which ionization exactly balances attachment, i.e. (α − η)/N = 0, is shown in Fig. 9 as a function of the SF 6 content in gas mixtures. The results in SF 6 -O 2 and SF 6 -Air mixtures using the Boltzmann analysis in steady-state Townsend are derived from the plots of Figs. 7 and 8. Measured results [8] together with reliable data in the widely studied SF 6 -N 2 mixture [29] are also plotted in Fig. 8 for the sake of comparison. It can be easily observed that the numerical results agree very well with the measured values in SF 6 -O 2 and SF 6 -Air gas mixtures. It can also be noted that the E/N cr values in SF 6 -N 2 are consistently higher than those in SF 6 -O 2 and SF 6 -Air gas mixtures, which can be attributed to the relatively low ionization rate coefficients in N 2 and the influence of N 2 as a good electron scattering object in the overall attachment process. As mentioned above, a conspicuous relationship can be noted that for a specific SF 6 content, the E/N cr values in SF 6 -Air mixtures are higher than those in SF 6 -O 2 mixtures, as demonstrated in Wei's experiment on dielectric barrier discharge ozone generation [4] where the applied voltage for electronic breakdown in SF 6 -Air mixtures was higher than that in SF 6 -O 2 mixtures at the same fixed SF 6 content. Fig.9 The critical field strength of SF6-Air and SF6-O2 mixtures as a function of SF6 content
The longitudinal diffusion velocity
In this study, the density-normalized longitudinal diffusion coefficient is also calculated to estimate the validity of using a two-term expansion to calculate D L . At very low electric field strength, the diffusion is symmetric and the value of the diffusion velocity is independent of direction. But as the field strength increases, the diffusion coefficient becomes a tensor. Therefore, the diffusion coefficient transverse to and along the direction of field strength differs with increasing field strength. In the present paper, the density-normalized longitudinal diffusion coefficients N D L in SF 6 -O 2 and SF 6 -Air are calculated and shown in Figs. 10 and 11 , respectively. It can be seen from the figures that N D L decreases at first and then increases when E/N varies from 40 Td to 500 Td in SF 6 -O 2 mixtures, and at a fixed reduced field strength, the density-normalized longitudinal diffusion coefficient decreases with increasing SF 6 content. As regards the SF 6 -Air gas mixtures in this paper, it can be noted that N D L increases with increasing reduced field strength for 10%, 20% and 50% SF 6 content, while it decreases at first and then increases for 75% and 100% SF 6 content when E/N increases from 40 Td to 500 Td. Moreover, it is also to be noted that for a given E/N value, the value of N D L increases as the share of SF 6 increases for 40 Td < E/N < 150 Td, while it decreases with increasing SF 6 content for 150 Td < E/N < 500 Td. Measured data [8] from the pulsed Townsend technique are plotted for comparison with the Boltzmann analysis results using a two-term expansion. It seems that there is some non-vanishing differences between the numerical results in this paper and the measured data in SF 6 -O 2 mixtures reported in the literature. A significant deviation from experimental measurements is found for 10% SF 6 -O 2 , 20% SF 6 -O 2 and 50% SF 6 -O 2 mixtures when experimental errors are taken into account. Indeed, the maximum deviation reaches 22% in the 10% SF 6 -O 2 mixture. However, the same discrepancies can also be observed in SF 6 -Air mixtures. The slopes of measured data are larger than the numerical results in this work, and the maximum deviation reaches 18% for the 10% SF 6 -Air mixture. Such behavior can be attributed to the poor validity of the Boltzmann analysis using the two-term approximation in calculating the longitudinal diffusion coefficient, as pointed out by Yachi et al [30] . Thus a two-term approximation is insufficient and higher terms are required to obtain accurate results for the longitudinal diffusion coefficients. Fig.10 The density-normalized longitudinal diffusion velocity as a function of reduced field strength for SF6-O2 mixtures Fig.11 The density-normalized longitudinal diffusion velocity as a function of reduced field strength for SF6-Air mixtures
Conclusion
In this work, density normalized effective ionization coefficients, an electron energy distribution function, the drift velocity and the longitudinal diffusion coefficient are all calculated using a Boltzmann equation along with a two-term approximation in SF 6 -Air and SF 6 -O 2 mixtures over the range of reduced field strength from 40 Td to 500 Td. The simplified numerical method is detailed and the calculated swarm parameters are compared to measurements. The critical electric field strength E/N cr , at which the ionization and attachment rates are exactly balanced, is determined in SF 6 -O 2 and SF 6 -Air mixtures as a function of the SF 6 content. By comparing with previously published results, the two-term expansion is confirmed to be a valid approach to cope with density normalized effective ionization coefficients, electron energy distribution function, and drift velocity. However, with regard to the longitudinal diffusion coefficient, a two-term approximation is insufficient and work on this topic is continuing. Interesting to note, the calculated results from the steady-state Townsend discharge are in agreement with the measured results from the pulsed Townsend technique, to a certain extent in the comparison.
As the share of SF 6 in gas mixtures increases, EEDF shifts to the right in the low energy region and leads to an overall increase of the mean electron energy with increasing SF 6 content. As regard to the growth rate of mean electron energy, SF 6 -Air mixtures show a higher value as compared with SF 6 -O 2 mixtures.
The drift velocity increases with increasing reduced field strength and decreasing SF 6 content in SF 6 -O 2 and SF 6 -Air mixtures. At a fixed E/N , the drift velocity in the SF 6 -O 2 mixture is higher than that in the SF 6 -Air mixture for various SF 6 contents.
The density-normalized effective ionization coefficient (α − η)/N calculated in the paper increases with decreasing the SF 6 content and increasing the value of E/N in SF 6 -O 2 and SF 6 -Air mixtures. Meanwhile, at a specific SF 6 content, the value of E/N cr for SF 6 -Air mixture is higher than that in SF 6 -O 2 mixture, which leads to a higher breakdown voltage in dielectric barrier discharge ozone generation, as confirmed in Ref. [4] . Moreover in SF 6 -N 2 mixture, the value of E/N cr is higher than that in SF 6 -O 2 and SF 6 -Air mixtures.
